Introduction
and the corresponding decreased sub-stomatal CO 2 concentration (C i ) (Sánchez-Díaz et 1 al., 2004) . Both stomatal (g S ) and mesophyll conductance reductions mediated by 2 drought decrease the Rubisco CO 2 availability, decreasing the CO 2 concentration in the 3 chloroplasts , and are the major cause for the decreased 4 photosynthesis observed in grapevines under water scarcity (Flexas et al., 2010) . When 5 drought progresses, the photochemistry and biochemistry of the photosynthesis can be 6 affected, reducing the grapevine photosynthetic capacity 7 Morales et al., 2006) . In fact, non-stomatal limitations may also explain decreases in A N 8 being the result of reduced light capture (PSII activity) and/or decreased carboxylation 9 of RuBP catalyzed by Rubisco. According to Kalina et al. (1997) , inhibition is caused 10 by decreased PSII efficiency as a result of the accumulation of inactive PSII reaction 11 centers and the decrease in light harvesting complexes. Other authors suggest that non-12 stomatal limitation of photosynthesis is attributable to reduced carboxylation efficiency 13 (Long et al., 2004) , or to reduced amount/activity of Rubisco. There are two basic 14 mechanisms by which Rubisco down-regulation occurs. The first mechanism 15 hypothesizes that the reduction in Rubisco content occurs as a consequence of the leaf C 16 build-up (Moore et al., 1999; Aranjuelo et al., 2008; . According to this 17 theory, when plants exposed to elevated CO 2 have limitations for increasing C sink 18 strength, plants decrease their photosynthetic rates to balance C source activity and sink 19 capacity (Aranjuelo et al., 2008; . From this point of view, the reduction in 20 photosynthetic rates would be conditioned by a plant's ability to develop new sinks (e.g.
21
new vegetative or reproductive structures, enhanced respiratory rates), or to expand the 22 storage capacity or growth rate of existing sinks. According to the second mechanism, 23 decreases in Rubisco content may reflect a general decrease of leaf protein due to the 24 relocation of N within the plant .
Carbon isotope tracers have proved to be an essential tool to study carbon 1 partitioning in plants exposed to elevated CO 2 (Aranjuelo et al., 2008; (Kolb and Evans, 2003; Aranjuelo et al., 2009; 8 Molero et al., 2011) . In contrast to gas exchange techniques that provide measurements 9 of photosynthetic rates at a single time, when analyzed in leaf dry matter, C isotopic 10 composition (δ 13 C) integrates photosynthetic activity throughout the period the leaf 11 tissue was synthesized. Moreover, leaf δ 13 C values reflect the interplay among all 12 aspects of plant carbon and water relations and are thereby more useful than plant gas 13 exchange measurements as integrators of whole plant function (Aranjuelo et al., 2009 ).
14
Many authors have investigated the effects of CO 2 , temperature and water stress 15 independently. Interactive effects of elevated CO 2 , water stress and temperature have 16 been rarely examined in the past (Lloyd and Farquhar, 2008) . Elevated CO 2 decreases 17 stomatal conductance and transpiration rates (Drake et al., 1997; Del Pozo et al., 2005) .
18
This CO 2 -mediated behavior may influence plant responses to water stress. Different 19 research groups reported decreased photosynthetic rates due to water stress delayed 20 under elevated CO 2 conditions, and an enhanced drought tolerance under elevated CO 2 21 (Robredo et al., 2007; . Some studies reported increased photosynthetic rates in 22 response to elevated CO 2 under elevated temperature, but not others (Logan et al., 2010, 23 and references therein). However, the analyses of the CO 2 effect and its interaction with 24 other environmental conditions are of great relevance because the responsiveness of plants to enhanced CO 2 has been shown to differ with temperature, soil water 1 availability, etc. (Aranjuelo et al., 2006; Erice et al., 2006a) . Moreover, different 2 stresses often occur simultaneously in the field, such as high temperatures and drought 3 periods, especially in semi-arid or drought-stricken areas. Investigations, performed on 4 field crops as well as on model plants subjected to combined heat and drought stress,
5
have shown that the combination of these two stresses has a stronger detrimental effect 6 on plant growth and productivity compared to each single stress. Furthermore, some 7 reports indicate that it is not possible to extrapolate plant responses to combined stresses 8 starting from the response derived from a single stress (Rampino et al., 2012) .
9
Carbon balance and photosynthetic acclimation remain largely unexplored in 10 grapevine growing under climatic change conditions. Furthermore, the experimental 11 design of the present work tried to emulate natural environment and also to avoid the 12 effects of other external factors (such as radiation, temperature changes, etc.). This was 13 achieved by using temperature gradient greenhouses (TGG), which allowed us to 14 provide a semi-controlled environment where simulate climate change conditions.
15
Therefore, the aim of this work was to investigate the effects of interacting CO 2 , 16 temperature and water availability in photosynthetic responsiveness and C partitioning 17 of Vitis vinifera (cv. Tempranillo) plants grown in near field conditions. For this 18 purpose, we proceeded to the characterization of physiological parameters, C/N and 19 δ 13 C of roots, cuttings, shoots, petioles, leaves, rachides and berries.
20

Material and Methods
21
Plant material and growth conditions (1966) and modified by Ollat et al. (1998) and Santa María (2004) . Rooting 2 was made in a heat-bed (27 °C) kept in a cool room (5 °C). One month later, the 3 cuttings were transplanted to 7.5-L plastic pots. Cuttings were planted in plastic pots 4 containing a mixture of peat and perlite (2:1: v/v) and transferred to a greenhouse.
Mullins
5
Only a single flowering stem was allowed to develop on each plant during growth.
6
Growth conditions in the greenhouse were 26/15 °C and 40/80 % relative humidity proposed by Ollat et al. (1998) .
12
Experimental design and temperature gradient greenhouses (TGG)
13
When plants reached veraison stage, they were transferred to the TGG where they were 14 divided according to the different combinations of CO 2 concentration, temperature and 15 water availability to which they were subjected until grapes complete maturity (reaching 16 21-23 ºBrix). The design of the TGG was based on those described previously 17 (Aranjuelo et al., 2005a; Erice et al., 2006b; Morales et al., 2014) . Two greenhouses 18 were maintained at an ambient CO 2 concentration level (approximately 400 ppm) and 19 the other two were maintained at an elevated CO 2 level (approximately 700 ppm) (Fig.   20 1). Each greenhouse was divided into three modules, thereby providing different 21 temperature values. The central module was regarded as a transition module and no experimental plants were included in it. In each greenhouse, the inlet module was 23 maintained at ambient temperature and the outlet module was maintained at this ambient temperature +4 ºC (T +4 ) (Fig. 1) . Inside the greenhouses, the pots were placed 1 in holes made in the soil to ensure natural temperature fluctuations at root zone, thus 2 approximating field conditions . Well-irrigated plants (WI) were 3 watered until maximum soil volumetric water content. Soil water sensors (Watermark 4 soil moisture sensor, Spectrum Technologies Inc., Illinois) were placed into the pots,
5
and were used to control irrigation. Partially irrigated plants (PI) were watered at 40% 6 of pot capacity. Plants were irrigated with half-strength Hoagland nutrient solution 7 (Hoagland and Arnon, 1950) or distilled water in order to provide all the treated plants 8 the same amount of nutrients. The pots were rotated daily, within the corresponding 9 greenhouse compartment, to avoid edge effects.
10
C labeling and sampling
11
Plant C labeling was conducted parallel with exposure to elevated CO 2 conditions.
12
During this period, the plants exposed to elevated CO 2 conditions were grown in an 13 environment where the isotopic composition of the air 13 C (δ 
23
(1981) and Harley et al. (1992) . Gas exchange was also measured in dark-adapted 
19
Photosynthetic pigments determination
20
One cm 2 leaf disc was cut with a calibrated cork borer, immersed in liquid N 2 and then 21 stored at -80 ºC until use for photosynthetic pigments determinations. Chlorophyll (Chl) acetone in presence of sodium ascorbate, filtered through a 0.45 µm filter, and analyzed 1 spectrophotometrically according to Morales et al. (2000) .
2
Total organic matter (TOM) and water-soluble compound (WSC) C isotope composition
Berry, rachis, leaf, petiole, shoot, root and cutting samples were collected the last day of 5 labeling (i.e., last day of the experiment), dried at 60 ºC for 48 h, and analyzed for the C 6 isotopic composition (δ 13 C) of TOM. One mg of ground sample was used for each 7 determination.
8
To extract the water-soluble compounds (WSC), leaf samples were lyophilized and 9 then ground to a fine powder. About 50 mg of the fine powder were suspended in 1 mL 10 of distilled water in an Eppendorf tube (Eppendorf Scientific, Hamburg, Germany), 11 mixed, and then centrifuged at 12,000 g for 5 min at 5 ºC. After centrifugation, the 12 supernatant was heated for 3 min at 100 ºC and afterward the solution was put on ice for 13 3 min. The supernatant containing the WSC fraction was centrifuged at 12,000 g for 5
14
min at 5 ºC (Nogués et al., 2004) . Supernatant fraction was transferred to tin capsules 15 for isotope analysis. 
18
Statistical analysis
19
Four TGG were used, two set at current CO 2 concentration and the other two at elevated concentrations in the TGG 1 and 2 (Experiment 1) and in the TGG 3 and 4 (Experiment independent data when statistics were carried out, and therefore comparisons were 16 always made among treatments for a given date.
18
Results
19
Gas exchange 20 Figure 2 shows photosynthetic rates measured in plants grown under current or elevated
21
2A and 2B). Differences were not significant, however, in plants exposed to elevated 1 temperature after 10 days of treatment (at both CO 2 levels), and those exposed to 2 current CO 2 and temperature after 20 days of treatment ( Fig. 2A and 2B ). The impaired 3 photosynthetic rates of water stressed plants were mediated by decreases in stomatal 4 conductance, lowering as a consequence transpiration rates (Table 1) . Elevated CO 2 5 increased (p<0.001) photosynthetic rates irrespective of water availability and 6 temperature after 10 days of treatment, except in plants grown under ambient 7 temperature and partial irrigation in which increases were not statistically significant 8 ( Fig. 2A) . Regardless of temperature and irrigation conditions, no CO 2 effects on 9 photosynthetic rates were observed after 20 days of treatment (Fig. 2B ). Except in well-10 irrigated plants grown under elevated temperature and those well irrigated but grown 11 under current temperature and at the sampling date of 10 days, elevated CO 2 closed 12 stomata and reduced transpiration rates at both sampling dates (Table 1) . Obviously, all 13 plants grown under elevated CO 2 had higher sub-stomatal CO 2 concentrations (C i ) than 14 their respective controls ( Table 1 ), indicating that the excess CO 2 had entered the leaf.
15
At 20 days, the ANOVA analysis revealed CO 2 x water availability (g S and C i , p<0.01),
16
CO 2 x temperature (g S , p<0.05) and water availability x temperature (transpiration, 17 p<0.05) interactions (Table 1) .
18
No differences in photorespiration (R L ) were found among treatments after 10 days 19 of imposing the different experimental conditions (Fig. 2C) . After 20 days of treatment,
20
plants grown under elevated temperature, elevated CO 2 and partial irrigation had the 21 highest photorespiration rates, significantly (p<0.01) different from the rest of 22 treatments (Fig. 2D ). There was CO 2 x water availability interaction (p<0.01), and thus
23
leaves from plants grown under elevated CO 2 and partial irrigation had increased their 24 photorespiration both under ambient or elevated temperature conditions (Fig. 2D ).
Leaves from plants grown under ambient temperature, regardless of water status, 1 respired more under elevated than under current CO 2 concentrations either after 10 or 20 2 days of treatment (p<0.001 under well watered conditions, and p<0.01 under partial 3 irrigation at both sampling dates) ( Fig. 2E and 2F ). When grown under elevated 4 temperature, all leaves respired similarly to control (ambient CO 2 , ambient temperature 5 and well irrigated) leaves at both sampling dates ( Fig. 2E and 2F ). These respiration 6 changes reflect an interaction between CO 2 and temperature (p<0.001) at both sampling 7 dates ( Fig. 2E and 2F ).
8
The increase in atmospheric CO 2 concentration may compensate the decrease in Rubisco activity experienced by plants growing at elevated CO 2 . Therefore, under 10 elevated CO 2 there is usually no decrease of photosynthetic activity, but rather a 11 decrease in photosynthetic capacity . A general reduction of 12 photosynthetic capacity in plants grown under elevated CO 2 suggests photosynthetic 13 acclimation. This is generally evidenced in comparisons of plants grown at ambient and 14 elevated CO 2 and measured at the same CO 2 concentration, either current or elevated.
15
Therefore, all plants were also measured at either 375 or 700 ppm CO 2 irrespective of 16 the CO 2 concentration they were growing (Fig. 3) .
17
Despite some of the effects of water stress already described from Fig. 2 Fig. 3B and 3D ). The ANOVA analyses revealed only significant interaction (p<0.05) 3 between water availability and temperature after 20 days of treatment when 4 measurements were made at 375 ppm (Fig. 3B ).
5
Maximum carboxylation velocity of Rubisco (Vc max ) analyses showed that while 6 after 10 days of elevated CO 2 exposure no significant differences derived from CO 2 and 7 water availability treatment were detected, 10 days later, 20 days treated plants grown 8 under 700 ppm and/or low irrigation conditions showed lower (p<0.001) Vc max values
9
( Fig. 4A and 4B) . Similarly, maximum electron transport rate contributing to RuBP 10 regeneration (J max ) showed that CO 2 exposure derived decreases were only detected 11 after 20 days of exposure to elevated CO 2 conditions ( Fig. 4C and 4D ). There were CO 2 12
x water availability interactions (p<0.01) after 20 days of treatments with respect to 13 both Vc max and J max ( Fig. 4B and 4D ).
14
Leaf relative water content (RWC)
15
Leaf RWC values found at harvest time ranged between 85 and 91% with no significant 16 differences among treatments (Table 2) .
17
Chlorophyll fluorescence
18
Despite changes observed in gas exchange properties, no remarkable effects of 19 treatments were found (p<0.001) on photosynthetic electron transport rates (ETR) at 20 any sampling date ( 
12
but effects disappeared with longer exposures to CO 2 (after 20 days of treatment) ( Table   13 2). No effects of CO 2 were found on the Chl a/Chl b ratio (Table 2) . Water stress 14 reduced total carotenoids concentration in plants grown under ambient temperature and 15 current CO 2 concentration after 10 days of treatment but not after 20 (Table 2) . Also,
16
elevated CO 2 decreased total carotenoids concentration in well-irrigated plants grown
17
under ambient temperature at both sampling dates (Table 2) . Changes in photosynthetic 18 pigment and CO 2 x water availability interactions, when occurred, were significant at 19 p<0.05 (Table 2 ).
20
C isotope composition (δ 13 C)
21
As a consequence of the C labeling, the δ 13 C of TOM of plants exposed to elevated CO 2
22
conditions was 13 C-depleted when compared with the respective ambient CO 2 treatment 23 plants (Table 3) . More specific analyses revealed that main shoot, roots, leaves and berries were the organs where more labeled C was detected. In the other hand, in the 1 rachis, and especially in the cutting, the availability of labeled C was the lowest.
2
However, when considering this, it should also be observed that in plants exposed to 3 elevated temperature and partial irrigation such differences between organs were less 4 marked than in fully watered plants grown under ambient temperature. Isotopic analyses 5 also confirmed the fact that, regardless of the organ analyzed, both elevated temperature 6 and partial irrigation diminished the presence of labeled C in TOM. The ANOVA 7 analyses revealed significant interactions between factors (Table 3 ). In particular, there 8 were interactions between CO 2 and water availability in the δ
13
C of TOM in 4 out of 7 9 organs tested (i.e., root, main shoot, petiole and leaf; p ranged from <0.01 to <0.001).
10
The interaction between CO 2 and temperature was only observed in roots (p<0.01).
11
Although leaf WSC δ treatments were similar to that of berries. As observed with TOM, elevated temperature 14 and partial irrigation diminished the presence of labeled C (Table 3 ). In the case of leaf 15 WSC δ
13
C values, significant interactions were observed between CO 2 and water 16 availability (p<0.05) and between CO 2 and temperature (p<0.001) ( Table 3 ).
17
C and N content 18
Carbon content analyses showed that the main shoot, followed by the leaves, were the 19 organs with the larger C content, whereas the petiole was the one with the lowest one 20 (Table 3) . In general terms, irrespective of the organ analyzed, no CO 2 , temperature nor 21 water availability significant effects were detected in C content (Table 3) .
On the other hand, leaves, followed by rachis and roots, were the organs with more N 23 content, while the cuttings, berries and petioles showed the lowest N content values (Table 3) . While water treatment and growth temperature did not significantly affect N 1 content of different organs (with the exception of main shoot, organ where in addition a 2 significant (p<0.05) interaction between these two factors was observed), plants 3 exposed to 700 ppm CO 2 were the ones with the lowest N content (Table 3) . Partial 4 irrigation diminished main shoot N content under elevated CO 2 (Table 3 ). The only 5 organ in which interaction between CO 2 and water availability was detected was the 6 rachis (p<0.05; Table 3 ).
7
Regardless of the organ analyzed, exposure to elevated CO 2 increased C/N (Table 4) .
8
No clear effects in the C/N ratio were observed with water availability or temperature 9 treatments (Table 4) . Half of the organs analyzed (root, leaf and rachis) showed 10 significant interactions between CO 2 and water availability (p<0.05), whereas main 11 shoot was the organ showing more type of interactions (i.e., CO 2 x temperature 12 (p<0.05), and water availability x temperature (p<0.01)) (Table 4) .
14
Discussion
15
Climate change could influence grapevine physiology. The objective of the present 16 research project focuses on evaluating the effect of climate change (elevated CO 2 , 17 elevated temperature and water stress) on grapevine physiology and carbon balance.
18
Carbon balance was followed monitoring carbon gains (i.e., net photosynthesis) and 19 losses (i.e., respiration and photorespiration). All these physiological processes and 20 grape quality are sensitive to some extent to one or several stress factors related to 21 climate change. Grapevine photosynthesis, as in other C 3 species, is limited by CO 2 (Mullins et al., 1992; Bindi et al., 1996) . Any CO 2 increase therefore may enhance CO 2 23 fixation rates (Long, 1991 
3
Although 10 days after the beginning of CO 2 treatment, plants exposed to elevated 4 CO 2 conditions showed higher photosynthetic rates, 20 days after beginning, exposure 5 to 700 ppm CO 2 had no significant effect in photosynthesis measured at growth CO 2 6 concentration ( Fig. 2) and decreased photosynthesis measured either at 375 or 700 ppm 7 CO 2 (Fig. 3 
12
Alternatively, it may come from metabolic limitations, overall ascribed to diminished
13
Rubisco carboxylation activity (Aranjuelo et al., 2005b; Erice et al., 2006a) and/or 14 reduced levels of this enzyme in elevated CO 2 -grown plants (Aranjuelo et al., 2005b) .
15
Irrespective of water and temperature treatment, the larger sub-stomatal well watered) regardless of temperature (Fig. 4) , supporting the hypothesis of impaired
21
Rubisco carboxylation activity as origin of acclimation. J max , the in vivo maximum rate of electron transport driving regeneration of RuBP, also decreased significantly in all 23 plants exposed to elevated CO 2 after 20 days of treatment (Fig. 4) . Although in this 24 study Rubisco content was not determined, the 30-50 % decrease in leaf N content ( photorespiration (R L ) diminishes the potential photosynthetic activity of plants.
10
According to Andrews and Lorimer (1987) , an increase in atmospheric CO 2 increases 11 the leaf internal CO 2 concentration and the CO 2 /O 2 ratio at the Rubisco site, which 12 should favor carboxylation rather than oxygenation of ribulose-1,5-bisphosphate 
11
Although studies conducted in ambient CO 2 concentration conditions highlight the 12 relevance of C sink strength as a key factor limiting plant yield, very little attention has 13 been given to this topic in elevated CO 2 concentration studies. This is a matter of major 14 concern because low C sink strength is a key factor conditioning photosynthetic (Table 4) confirmed that they had problems to adjust C 2 sink/source balance. As mentioned above, development of strong C sinks is essential to 3 avoid leaf carbohydrate build-up.
4
In a recent study where two wheat genotypes with contrasting harvest index (HI) 5 were exposed to elevated CO 2 concentration, Aranjuelo et al. (2013) C data highlighted that after 30 days of C-labeling, the main shoot,
14
berries, leaves and root were the more C-labeled organs (Table 3) . Carbon partitioning 15 among sinks is regulated by the sink themselves and their ability to import 16 photoassimilates (Patric, 1997; Botas, 2004; Zapata et al., 2004) . Although a large C-17 labeling was expected in leaves and berries, our results revealed that an important 18 fraction of photoassimilates remained in leaves and the rest was partitioned toward 19 storage organs like the stem and roots (Botas, 2004; Zapata et al., 2004) . Such results
20
highlight the fact that, as mentioned above, those plants had problems to avoid leaf 21 carbohydrate accumulation. According the C/N ratio (Table 4) , the C/N increases under 22 elevated CO 2 were mainly due to N reduction (Table 3) .
23
On the other hand, the low labeling observed in the rachis and especially in the recently fixed C sink activity. The low-labeled C sink strength of the rachis was 1 remarkable, especially taking into account that it was recently formed. Such results
2
highlighted that the main C source required for the synthesis of the rachis proceeded 3 from remobilization of pre-labeling C. Interestingly, more specific analyses of water 4 and temperature effect on C management highlighted that, at the leaf, stem and in a 5 lesser extent in petioles, water availability and elevated temperature decreased C-6 labeling, being the plants exposed to drought and elevated temperature the ones with the 7 lowest labeled C. Such differences could have been explained by the deleterious effect 8 of drought and temperature on CO 2 fixation ( Fig. 2 and 3) . However, when analyzing 9 those data it should be considered that temperature effect on respiration activity could 10 also be involved. Plants use up to 50% of recently formed C in respiration processes,
11
which means that an important fraction of photoassimilates could have been wasted 12 through respiration processes. This point is especially important in heterotrophic organs 13 such as stem with large respiratory activity. It is also remarkable the fact that 14 partitioning of recently assimilated C toward roots was similar in all the treatments.
15
Such results revealed that under stressful growth conditions, compared with the rest of 16 the organs, those plants invested more C on root development. CO 2 either at current or elevated temperatures against the adverse effects of water stress.
7
In conclusion, irrespective of water availability and temperature, growing under 
17
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